We report that the stress axis-regulated exon (STREX)-containing calcium-activated big potassium (BKCa) channel splice variant expression and physiology are regulated in part by cytoplasmic splicing and intron retention. NextGen sequencing of the mRNA complement of pooled hippocampal dendrite samples found intron 17a (i17a), the intron immediately preceding STREX, in the BKCa mRNA. Further molecular analyses of i17a revealed that the majority of i17a-containing BKCa channel mRNAs associate with STREX. i17a siRNA treatment followed by STREX protein immunocytochemistry demonstrated both reduced levels and altered subcellular distribution of STREX-containing BKCa channel protein. Selective reduction of i17a-BKCa or STREX-BKCa mRNAs induced similar changes in the burst firing properties of hippocampal neurons. Collectively, these data show that STREX splice variant regulation via cytoplasmic splicing and intron retention helps generate STREXdependent BKCa current diversity in hippocampal neurons.
We report that the stress axis-regulated exon (STREX)-containing calcium-activated big potassium (BKCa) channel splice variant expression and physiology are regulated in part by cytoplasmic splicing and intron retention. NextGen sequencing of the mRNA complement of pooled hippocampal dendrite samples found intron 17a (i17a), the intron immediately preceding STREX, in the BKCa mRNA. Further molecular analyses of i17a revealed that the majority of i17a-containing BKCa channel mRNAs associate with STREX. i17a siRNA treatment followed by STREX protein immunocytochemistry demonstrated both reduced levels and altered subcellular distribution of STREX-containing BKCa channel protein. Selective reduction of i17a-BKCa or STREX-BKCa mRNAs induced similar changes in the burst firing properties of hippocampal neurons. Collectively, these data show that STREX splice variant regulation via cytoplasmic splicing and intron retention helps generate STREXdependent BKCa current diversity in hippocampal neurons.
T he functional importance of alternative splicing in neurons is well established (1) . Although the bulk of RNA splicing occurs in the nucleus, hippocampal dendrites have the capacity to splice RNA outside the nucleus (2) . The target molecules for local extranuclear splicing are cytoplasmic mRNAs that contain some intronic sequences, known as cytoplasmic intron-containing transcripts. Functionally, these partially processed mRNAs have been implicated in the regulation of essential cellular functions, including platelet clotting (3) and neural excitability (4) . Here we report a noteworthy role for cytoplasmic intron-containing transcripts. Hippocampal neurons use intron retention in concert with cytoplasmic splicing to expand the diversity of calcium-activated big potassium (BKCa) channel mRNA splice variants and their consequent protein products.
A single gene, KCNMA1, encodes the pore-forming α-subunit of BKCa channels (5) . Structural diversity in endogenous populations of BKCa channels is generated in part by robust tissuespecific splicing (6) of the KCNMA1 mRNA. Several alternative splice sites and alternative exons have been identified in the KCNMA1 gene (7) . The stress axis-regulated exon (STREX) is by far the most well-characterized alternative exon in the KCNMA1 gene. Inclusion of this exon alters the BKCa channel properties in response to key intracellular signals, including calcium influx (8) and PKA/cAMP signaling (9) . Given the functional implications of STREX, we focused our KCNMA1 intron retention studies around this exon.
We recently reported that intron-containing BKCa channel mRNAs contribute to the subcellular distribution of BKCa channel protein and burst-firing properties of hippocampal neurons (4) . Here, by analyzing the alternative splicing patterns at the STREX splice site, we show that cytoplasmic transcripts retaining the intron 17a sequence (referred to as i17a-containing BKCa mRNAs) regulate STREX splice variant expression and physiology. Thus, intron retention plays a role in regulating the complexity of BKCa channel mRNA splice variants, proteins, and currents in hippocampal neurons.
Results STREX Region Is a "Hot Spot" for Retained Introns. Alternative splicing in the STREX region of the BKCa channel gene has been studied extensively (7) . We used deep sequencing of dendrites (n = 4) and somas (n = 5) of hippocampal neurons to screen the STREX splice site region for retained introns. Pooled (∼300-700) dendrites or individual cell somas were harvested, subjected to aRNA amplification (10) , and used as template to generate libraries for Illumina deep-sequencing analysis. The sequencing runs of hippocampal dendrites generated an average of 11.3 million sequence reads of 36-50 bases long. Accepting up to two mismatches, 45.5% of the reads mapped to the rat genome. These dendritic sequencing results are consistent with those of previous mammalian sequencing efforts (11) .
The sequence-specific read coverage alignment was performed using Bowtie (12) version 10.0.2 with the default parameters on the rat genome version 3.4 sequence (13). Genome-unique reads overlapping KCNMA1 gene features were identified using the RefSeq gene annotation. The sequence alignments from the dendritic samples to the KCNMA1 gene produced two intronic regions upstream of the STREX exon, intron 16 (i16) and intron 17a (i17a), with multiple-sequence hits ( Fig. 1 A and B) . We previously reported the presence of i16 in hippocampal dendrites (4); thus, the presence of i16 in the Illumina deep-sequencing reads is consistent with our previous BKCa channel intron analysis. The i17a sequence immediately precedes STREX, and this intron contains the regulatory sequence elements that direct activity-dependent alternative splicing of STREX (14) . This verifies the presence of STREX region introns in hippocampal dendrites.
i17a Associates with STREX in BKCa Channel mRNA. We used RT-PCR cloning to examine whether i17a-containing BKCa mRNAs contain STREX. The PCR primers were placed in i17a and e19, and hippocampal cDNA was used as a template. BLAST search analysis verified that the structural identity of the i17a PCR products corresponded to i17a, STREX, e18, and e19 (n = 40; Fig. 1C ). The exonic borders between STREX and e18 and between e18 and e19 were all perfectly matched to their reported exon-exon junctions. These results demonstrate the presence of STREX in i17a-containing BKCa channel mRNAs and, more importantly, provide contiguous sequence information for this retained intron. The correct downstream splicing junctions within the i17a-STREX-containing BKCa channel mRNAs show that the PCR products were not derived from genomic DNA or nuclear premRNAs. The absence of clones without STREX shows that i17a-STREX-containing BKCa channel mRNAs are spliced in a highly restrictive manner. Further sequence analysis of the i17a sequence revealed that all reading frames contained multiple stop codons. Thus, without additional cytoplasmic splicing, the direct translation of transcripts with i17a-STREX-containing BKCa mRNAs would generate significantly truncated BKCa channel proteins that lacked several key functional domains, including the STREX domain.
Multiple STREX-Containing Splice Variants Are Present in the Hippocampus. We used a quantitative PCR approach, matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) base extension, to identify the repertoire of splice variants at the STREX splice site in hippocampal neurons. Hippocampal cDNA was amplified with PCR primers in exon 16 (forward) and exon 18 (reverse) to capture the complete BKCa channel splice variant population. Next, a single extension primer was used to assay the PCR products (Fig. 1D) . Using this approach, we first determined the levels and structural identities of the BKCa channel mRNAs that contain only exons. Because the STREX site contains two alternatively spliced exons, e17a and e17b (STREX), this site has the potential to generate four distinct transcripts (Fig. 1D) . Hippocampal neurons generated all four transcripts, but the most abundant BKCa channel mRNA was the one without alternative exons, the e17-e18 transcript (75%; Fig. 1D ). Within the population of transcripts with alternatively spliced exons, all three BKCa channel splice variants were present at detectable levels (Fig. 1D) . These findings are similar to the levels of STREX BKCa channel splice variants detected by real-time PCR in the mouse hippocampus (15) .
Only One STREX-Containing Splice Variant Is Linked to i17a. We used the same quantitative PCR approach to determine the levels and exonic identities of i17a-containing transcripts at the STREX splice site. This site has the potential to generate four distinct i17a-containing BKCa channel mRNAs (Fig. 1E) . By far the most abundant i17a-containing BKCa channel mRNA in hippocampal neurons was i17a-STREX-e18 (3.1%; Fig. 1E ). Within the STREX mRNA population, i17a containing STREX mRNAs accounted for 20% of all transcripts ( Fig. 1 D and E) . These results are in agreement with our RT-PCR cloning results, in which only the i17a-STREX-containing BKCa channel splice variant was detected (Fig. 1C) . In summary, hippocampal neurons generated two distinct classes of BKCa channel splice variants with STREX: two splice variants from the "exon-only" class ( Fig. 1D ) and one splice variant from the "retained intron" class (Fig. 1E ). The specificity of the retained intron class implies that i17a-STREXcontaining mRNAs are biologically important transcripts for hippocampal neurons.
In Situ Hybridization Analysis of i17a-Containing BKCa mRNA. We visualized the subcellular distribution of i17a-containing BKCa channel mRNAs within hippocampal neurons by in situ hybridization (ISH). We used two short (30 nucleotides) biotin-labeled i17a oligonucleotide probes to analyze the subcellular localization patterns of i17a-containing BKCa channel mRNAs ( Fig. 2 A and B). We designed both the sense and antisense biotin-labeled i17a oligonucleotide probes based on our i17a cloning and sequencing data (Fig. 1) . The i17a antisense probe ISH signal was detectable within several subcellular regions; the signal extended from the cell body out into the proximal and distal dendrites ( Fig. 2A) . The finding of the i17a ISH signal within the dendrites is consistent with our detection of i17a in the Illumina sequencing results (Fig. 1) . As a control, we performed ISH with the i17a sense probe; as expected, this probe did not show a detectable ISH signal (Fig. 2B) . These findings provide independent morphological confirmation of the presence of i17a sequences in both primry and secondary hippocampal dendrites.
RNA Interference Selectively Reduces i17a-Containing BKCa Channel mRNAs. We used the combination of RNA interference and ISH to selectively alter and monitor changes in the levels of BKCa channel splice variants in hippocampal neurons. Using our splice variant linkage data (Fig. 1) , we designed siRNAs to selectively target two distinct populations of BKCa channel splice variants: STREX-containing and STREX-lacking. siRNAs directed against i17a (si17a) or STREX (siSTX) sequences were used to target the STREX-containing splice variant population (Fig. 2C) . Identifying target sequences for the STREX-lacking population was not as straightforward. All BKCa channel mRNAs, including i17a and STREX, associate with constitutive exons (e.g., e18 and e19; Fig. 1 ) in the STREX region. Thus, finding target siRNA sequences for the STREX-lacking population required the use of another STREX region intron-containing BKCa splice variant. Given our earlier finding that i16 is not associated with the STREX exon (4), we used siRNAs directed against i16 (si16) sequences to target the STREX-lacking splice variant population (Fig. 2C ). For each siRNA treatment, we used two nonoverlapping siRNAs to selectively reduce the levels of their respective target sequences. As a control, we used MAP-2 staining to identify dendritic processes and verify healthy cellular morphology of siRNA-treated neurons. The i17a antisense ISH signal was dramatically reduced by siRNA treatments targeting the STREX-containing population (si17 and siSTX) compared with siRNA treatments targeting the STREX-lacking population (si16). We quantified this reduction by measuring the i17a ISH signal from several individual neurons. We found no difference in the i17a ISH signals of si17a-and siSTXtreated neurons (Fig. 2D) ; however, the i17a ISH signal was significantly reduced (by ∼50%) in si17-and siSTX-treated neurons compared with si16-treated neurons (Fig. 2D) . These results verify that the i17a and STREX BKCa channel mRNA sequences are indeed linked together in the cytoplasm of hippocampal neurons.
STREX Splice Variant Proteins Are Present in Multiple Subcellular
Compartments. The i17a-STREX BKCa channel mRNA linkage offers a unique opportunity to analyze the involvement of an intron in the selection of expressed exons. To analyze this direct molecular linkage at the protein level, we developed antibodies specific to the STREX region of the BKCa channel protein.
We verified the specificity of the STREX antibody by ELISA screening and competitive Western blot analysis (Fig. S1) . We first used our STREX antibodies to characterize the normal STREX BKCa channel expression patterns in hippocampal neurons by dual-label immunostaining with MAP-2. STREX BKCa channel protein staining was detectable throughout the cell bodies and dendrites of hippocampal neurons. The signal was most intense in the cell soma and proximal dendrites, but was evident well into the distal dendrites (Fig. 3A, Lower) . These STREX BKCa channel protein distribution data agree with the results of previous studies showing similar subcellular distributions for BKCa channel proteins in neurons using pan-specific (i.e., all splice variants) antibodies (4, 16, 17) .
i17a-STREX-Containing mRNAs Generate STREX BKCa Channel
Proteins. By combining RNA interference with STREX-specific immunostaining, we next asked whether the i17a-STREXcontaining BKCa channel mRNAs contribute to the STREX BKCa channel protein population in hippocampal neurons. We used MAP-2 staining to identify dendritic processes and verify normal cellular morphology of the si17-treated neurons. Although MAP-2 staining was statistically similar in the si17-treated and untreated neurons (Fig. 3 A and B, Upper) , STREX-specific staining was greatly reduced (by ∼60%) in the si17-treated neurons ( Fig. 3 A and B , Lower, and quantified in Fig. 3C ). The STREX signal reduction was most prominent in the dendrites compared with the cell soma region (Fig. 3 A and B, Lower) . In contrast to the STREX-specific staining, we found no detectable difference in total BK channel protein staining in the si17-treated neurons compared with the untreated neurons (Fig. 3 and E, and quantified in Fig. 3F ). The si17a sensitivity demonstrates that i17a-STREX-containing BKCa channel mRNAs contribute to STREX BKCa channel proteins in hippocampal neurons. Retained introns in BKCa channel mRNAs might allow for the regulation of splice variants, just as different 3′-UTRs regulate BKCa channel splice variants (18) . Most notably, the restricted splicing linkages of i17a allow for the selective regulation of only one STREX-containing BKCa channel mRNA, the i17a-STREX-e18 splice variant.
Functional Analysis of BKCa Channel Splice Variants. One wellknown intrinsic property of hippocampal neurons is their ability to fire bursts of action potentials in response to a depolarizing current (19, 20) . Because BKCa channels play a significant role in burst firing, we used this property as our quantitative output to assess the functional contributions of individual BKCa splice variants. We used siRNA treatments to selectively manipulate the levels of three different BKCa channel splice variants: i17a, STREX, and i16. Functional analyses of BK splice variants were previously performed in transfected continuous cell lines. Here, in contrast, we performed these analyses on the endogenous transcripts in primary hippocampal neurons, in an effort to evaluate their influence in a native neuronal environment. We used current clamp recordings following the siRNA treatment to evaluate the functional contributions of each splice variant in hippocampal burst firing. Three additional conditions (untreated, mock, and control siRNA) served as controls for these experiments. All of the treatments resulted in similar resting membrane potentials, input resistances, action potential heights, and action potential thresholds (Fig. S2 A, B , and C), indicating that the neurons have comparable membrane properties under each experimental condition. Representative traces for each indicated condition are shown in Fig. 4A and Fig. S2D .
Reducing i17a and STREX mRNA Levels Decreases Fast Afterhyperpolarization. BK channels regulate the fast afterhyperpolarization (fAHP) phase, which plays a role in controlling the frequency and duration of action potentials during burst firing (19) (20) (21) . Although the fAHP is a well-characterized BK channelspecific property of hippocampal neuron burst firing, the contributions of individual BKCa channel splice variants are unknown. We found varying changes in the first-spike fAHP among the treatments. The si16-RNA treatment and pharmacologic blocking of several BKCa channel currents with iberiotoxin (IBX) did not significantly decrease the first-spike fAHP compared with controls under all conditions (Fig. 4B) . These results show that the si16-BKCa channels and IBX-sensitive channels do not make a major contribution to the first-spike fAHP under our recording conditions. In contrast, the STREX-specific siRNA treatments (si17a and siSTX) significantly decreased the first-spike fAHP compared with all control conditions (Fig. 4B) . These results are consistent with those from previous studies using pharmacologic treatments that reduce multiple BKCa channel currents (19) (20) (21) . The significant reduction in the first-spike fAHP by the si17a and siSTX treatments demonstrates that the STREX splice variant makes a significant contribution to the fAHP. The direct molecular connection between the two sequences and similar fAHP phenotypes indicates a shared and important biological role for i17a-and STREX-containing BKCa channel mRNAs in the burst-firing physiology of hippocampal neurons.
Action Potential Width Is Augmented by siRNA-i17a Treatments.
During burst firing in hippocampal neurons, spike accommodation occurs in part because of BKCa channel inactivation during the burst (21) . The increases in the first-spike half-width differed among the BKCa channel treatments. The siSTX or and IBX treatment did not significantly increase the first-spike half-width compared with control conditions (Fig. 4C) . These results indicate that siSTX BKCa channels and IBX-sensitive channels do not make major contribution to the half-width of the first action potential under our recording conditions. This was not the case for the intron-directed siRNA treatments, however. Both the si17a and si16 treatments generated significantly increased firstspike half-width compared with all of the control conditions (Fig.  4C ). Previous studies have reported similar results by pharmacologically blocking BKCa channels with compounds that do not discriminate between individual BKCa channel splice variants (19, 20) . This suggests that under endogenous burst firing conditions in hippocampal neurons, the BKCa channels that arise from these variants inactivate more slowly. This property would help maintain smaller half-widths during the initiation of burst firing and thus ultimately prolong the burst length.
Burst Firing Is Significantly Diminished by i17a and STREX mRNA
Reduction. The detected alterations in the properties of the first action potential by the BKCa channel siRNA treatments predicts a decrease in the number of action potentials during the burst under these recording conditions. Indeed, we found a significantly reduced number of action potentials in all BKCa channel siRNAtreated neurons compared with control conditions. si17a treatment generated a greater decrease in number of action potentials compared with either si16 or siSTX treatment (Fig. 4D) . This condition also consistently generated the greatest changes in the fAHP and action potential half-width, so the finding that that this condition had the fewest number of action potentials of the BKCa channel-treated group was not unexpected. IBX treatment did not significantly decrease the number of action potentials compared with all control conditions (Fig. 4D) . IBX-sensitive channels also did not alter the fAHP or action potential halfwidth, consistent with the results of i17 knockdown studies. Under our recording conditions, the IBX-sensitive class of BKCa channels did not greatly influence BKCa channel burst firing. Collectively, these physiology results demonstrate that altering individual BKCa mRNAs can disrupt burst firing and subsequently terminate typical burst firing prematurely.
Discussion
Neurons frequently use alternative splicing to generate structural and functional diversity within discrete mRNA and protein populations. Our knowledge of the events that regulate the process of alternative splicing is now expanding beyond key RNA sequences and RNA-binding proteins; for example, a recent study has demonstrated that chromatin structure plays a role in directing alternative splicing (22) . Here we show that cytoplasmic intron retention directs the inclusion of the STREX exon to a subset of BKCa mRNAs. This mechanism of coupling intron retention to an alternative exon contributes to structural and functional diversity within local populations of BKCa channel mRNAs and proteins (model in Fig. S4 ). Our findings define an additional feature of KCNMA1 gene regulation and emphasize the value of such a cytoplasmic splicing system for linking intron sequences to altered BKCa channel function.
Key Splicing Elements Are Present in i17a-STREX BKCa Channel mRNAs. The i17a sequence contains the well-documented activity-dependent alternative splicing sequences known as calciumresponsive RNA elements (CaRRE). In neurons, these sequences are typically regulated by calcium entry through voltage-gated calcium channels and the activation of the calcium/calmodulindependent protein kinase (CaMK) pathway. This pathway has been shown to mediate calcium-dependent alternative splicing in BKCa channel (STREX) and NMDA receptor mRNAs (NMDARI subunit) in neurons (14, 23) . Retention of i17a in BKCa channel mRNAs directly links the CaRRE sequences and STREX together throughout the cytoplasm of hippocampal neurons. Apart from their role in nucleus, the CaRRE sequences also may play a regulatory role in the cytoplasmic splicing of i17a-STREX BKCa channel mRNAs.
Local Splicing Generates STREX Proteins From i17a-Containing mRNAs. In addition to the CaRRE sequences, a second notable feature of i17a BKCa channel mRNAs is that every reading frame within the i17a sequence contains multiple stop codons, suggesting that i17a sequences must be spliced out to generate a fulllength BKCa channel protein with the STREX epitopes. Direct translation of the i17a-STREX BKCa channel mRNA would produce a truncated BKCa channel protein that our STREX antibodies could not recognize. Thus, RNA splicing in the cytoplasm of hippocampal neurons must occur for full-length STREX BKCa channel proteins to arise from i17a-STREX BKCa channel mRNAs.
i17a-STREX Association Generates Functional Changes Within BKCa
Channel Populations. By generating a selective BKCa channel splice variant specific antibody, here we report the previously undescribed subcellular distribution of the STREX BKCa channel splice variant. This exon is the most well-studied BKCa channel splice variant, due to its involvement in eliciting multiple functional effects. Previous studies using heterologous expression systems have shown that inclusion of the STREX motif alters BKCa channel properties in response to calcium influx (8) and PKA/cAMP signaling (9, 24) . The STREX-specific alterations in BKCa channel physiology, coupled with the direct association of i17a to STREX, allow hippocampal neurons to use intron retention and cytoplasmic splicing to modify their membrane properties. The presence of the STREX BKCa channel proteins and i17a throughout the dendritic processes gives hippocampal neurons the capacity to locally modify their BKCa channel currents and membrane properties via the i17a-STREX association.
Intron Retention Helps Create Local BKCa Channel Diversity. To function properly, all neurons require precise subcellular localization of their mRNAs and proteins. The manner in which distinct subcellular populations of ion channels are generated and maintained within a neuron remains incompletely understood. We have shown that the direct association of i17a and STREX permits the selective regulation of only one STREX-containing BKCa channel splice variant-the e17-STREX-e18 protein-by i17a. siRNAs targeted against i17a dramatically reduce the levels of STREX BKCa channel proteins. This reduction is most prominent in the mid to distal dendritic processes compared with the cell bodies and proximal dendritic regions. These findings suggest two key points regarding BKCa channel protein localization within hippocampal neurons. First, the mid to distal dendritic STREX BKCa channel proteins predominately arise from i17a-STREX BKCa channel mRNAs. Second, our quantitative PCR results show that i17a generates only one STREX-containing BKCa mRNA; thus, the primary STREX splice variant protein within the mid to distal dendrites is likely the e17-STREX-e18 variant, not the e17-e17a-STREX-e18 variant. Unfortunately, neither BKCa channel blockers nor STREX antibodies can discriminate between the two STREX-containing BKCa channel proteins e17-STREX-e18 and e17-e17a-STREX-e18. More study is needed to further characterize the functional contributions of each STREX-containing variant.
BKCa channels can be divided into two pharmacologic classes: type I (fast-gated, IBX-sensitive) and type II (slow-gated, IBXresistant) (25) . BKCa channels containing the BKCa beta4 subunit belong to the latter class (26) (27) (28) . In heterologous expression systems, the expression of the STREX form of BKCa channels and their association with the BKCa beta4 subunit further modifies the gating properties of BKCa channels (29) . We found that in hippocampal neurons, the BKCa beta4 subunit protein is highly expressed in the cell bodies and proximal dendrites compared with the distal dendrites (Fig S3) . This is similar to the STREX BKCa channel pattern of expression. Within a given neuron, different subcellular regions contain different levels of type I and type II STREX BKCa channels. The action potential-generating region in the cell body contains mainly the type II STREX-beta4-BKCa complex. This result supports our findings showing that IBX treatment does not significantly alter the fAHP, action potential half-width, or number of action potentials in the burst (Fig. 4 B, C, and D) . In contrast, the postsynaptic sites in the distal dendrites contain a higher proportion of the type I STREX BKCa channels. Local RNA processing of i17a-STREXcontaining BKCa channel mRNAs, coupled with the beta4 subunit association, gives hippocampal neurons the ability to carefully modify their BKCa channel currents.
Burst Firing Requires STREX-Containing BKCa Channel mRNAs. By systematically reducing the levels of one splice variant in the BKCa channel mRNA population with siRNA, we have shown that typical hippocampal burst firing requires the presence of two distinct classes of BKCa channel mRNAs: the retained-intron class and the exon-only class. The potent effect of the retained-intron class is unexpected. The robust physiological effect of the retained-intron class-targeted siRNA treatment strongly suggests that a large number of functional BKCa channels are indeed generated from intron-containing BKCa channel mRNAs. The rapid conversion of the retained-intron class into the exon-only class could dramatically underestimate the amount of cytoplasmically localized retained-intron class mRNAs. These data highlight the functional significance of both intron retention and alternative splicing to the typical physiology of hippocampal neurons.
Perhaps even more important than transcriptional regulation, posttranscriptional events determine mRNA-specific splicing patterns (i.e., exon utilization), subcellular localization patterns, and RNA stabilities in neurons. The complexity of this posttranscriptional regulation is ever growing. The chromatin structure has been implicated in the control of alternative splicing (22) , and large RNP complexes have been shown to coordinately regulate a sizeable pool of mRNAs via oskar mRNA during Drosophila development (30) . The coupling of intron retention and exon selection for the BK channel suggests that the cells require a method for rapidly selecting particular functional protein domains. Because the retained-intron mRNA is localized throughout the dendrite and cell soma, it is positioned so that it can be spliced and translated wherever the stimulatory signal is received (likely an external signal). The existence of such a regulatory response suggests that there is significant parsimony in the use of cellular resources, or that the presence of particular exon motif-containing proteins may have an important effect on cell signaling. Cells attempt to limit their expression of these species by encrypting the protein sequence in pre-mRNAs that are rapidly spliced and translated as needed at the sites where their protein function is required.
Methods
Hippocampal Cell Harvesting and Culturing. Timed pregnant rats were purchased from The Jackson Laboratory. On embryonic day 19, the embryos were harvested, and neurons were isolated and cultured (31) . All procedures were approved by the University of Pennsylvania's Institutional Animal Care Committee.
Illumina Sequence Alignment. Samples of hippocampal dendrites (300-700 per sample) were collected and subjected to aRNA amplification. A 100-ng sample from the final aRNA amplication reaction was submitted for library generation and IIIumina sequencing.
Hippocampal Neuron RT-PCR Analysis. Hippocampal RNA was isolated by treating cultured neurons with TRIzol (Invitrogen). cDNA was synthesized from the samples and used as a PCR template with the Advantage2 PCR system (BD Biosciences).
MALDI-TOF MS and Quantitative KCNMA1 Splice Variant Detection. MALDI-TOF MS analysis of BKCa channel PCR amplicons were performed as described previously (4) . See SI Methods for more details.
ISH Using Cultured Neurons. Antisense biotin-labeled oligo probes were obtained from IDT Technologies. Primary neurons (∼14 d) were fixed, permeabilized, and hybridized as described previously (4) . See SI Methods for more details.
Immunostaining. The neurons were permeabilized with 0.3% Triton X-100 and blocked at room temperature for 60 min in 10% normal goat serum, 1× PBS, and 0.1% Tween 20. The primary and secondary antibodies were diluted in the blocking solution. Washing was done with 1× PBS with 0.1% Tween 20.
siRNA Treatments. Cultured primary rat hippocampal neurons were transfected in DharmaFect 3 (Dharmacon) at 7-9 d after plating (SI Methods). The cultures were maintained at 37°C with 5% CO 2 for 72 h.
Whole-Cell Recordings. The bathing solution consisted of 140 mM NaCl, 3 mM KCl, 1 mM CaCl 2 , 1 mM Mg Cl 2 , and 10 mM Hepes, adjusted to a pH of 7.4 with NaOH. The internal solution consisted of 120 mM potassium gluconate, 20 mM KCl, 10 mM Hepes, 0.1 mM EGTA, 2 mM MgCl 2 , 2 mM ATP, and 0.25 mM GTP, adjusted to a pH of 7.4 with KOH.
